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Melt crystallization behavior of both the ﬂuorine-con-
taining and ﬂuorine-free mold ﬂuxes has been investi-
gated using a single hot thermocouple technique
(SHTT). By increasing the dew point of atmosphere
from 223 K to 285.5 K (50 C and 12.5 C), the pri-
mary crystalline phase of ﬂuorine-containing mold ﬂux
was changed from cuspidine (Ca4Si2O7F2) to Ca2SiO4
with accelerated nucleation rates. Enhancement of ﬂu-
orine evaporation due to hydroxyl is attributed to the
main reason for the abnormal crystallization behavior of
the ﬂuorine-containing mold ﬂux under humid atmo-
sphere, which may bring a sticking-type breakout during
the commercial continuous casting process. In contrast,
the eﬀect of water vapor on crystallization of ﬂuo-
rine-free mold ﬂux was negligible. This implies that the
application of ﬂuorine-free mold ﬂuxes can become a
countermeasure to prevent the hydrogen-induced
breakout during the continuous casting process under
wet atmosphere.
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During continuous casting of steels, the mold ﬂux
inﬁltrates into the gap between copper mold and
solidifying steel shell to form a slag ﬁlm. This mold slag
ﬁlm plays the decisive role in controlling both the
horizontal heat transfer and lubrication in the casting
mold wall, which are key functions to determine the
quality and productivity of continuous casting process.
It should be emphasized that these functions are
strongly dependent on the degree of crystallinity.[1,2]
Under humid atmosphere, increase of the occurrence of
so-called hydrogen-induced sticking-type breakout of
steel shell has been frequently observed due to the
accelerated crystallization of mold slag ﬁlm, which
brings the reduction of mold heat transfer rate and the
deterioration of lubrication. As the sticking breakout is
one of the most serious troubles in a continuous casting
process, many previous studies[3–8] had been carried out
to clarify the main reason for the acceleration of
crystallization.
Firstly, it is suggested that heterogeneous nucleation
of crystalline mold ﬂux could be accelerated on the
hydrogen gas bubbles evolved from solidiﬁcation front[3]
or at the mold side surface of steel shell.[4,5] Hydrogen
gas can be evolved in a casting mold from the following
sequences.
Entrapment ofwater intomold slag:H2OðgasÞ þ ðOÞ2
¼ 2ðOHÞ
½1
Hydrogen pickup into steel: 2ðOH) ¼ ðOÞ2
þ 2½H þ ½O ½2
Evolution of hydrogen gas during cooling:
½H] = 1
2
H2ðgasÞ
½3
Secondly, water gas bubble generated by reduction of
hydroxyl will also induce heterogeneous nucleation of
mold ﬂuxes during their melt crystallization.[6]
Reduction of hydroxyl by aluminum in steel: 6ðOH)
þ 2½Al ¼ ðAl2O3Þ þ 3H2O(gas)
½4
Lastly, hydroxyl itself can accelerate crystallization of
cuspidine by participating in crystallization reaction.[7–9]
Formation of hydroxyl containing cuspidine
Ca4Si2O7F2ð Þ:
ah iF þ 2 ah iðOHÞ þ 4Ca2þ þ 3Si4þ þ 7O2
¼ Ca4Si2O7ðFþOHÞ2
½5
The above mechanisms suggested are largely based on
the reduction of eﬀective activation energy for nucle-
ation of primary crystalline phase, cuspidine. However,
there has been no systematic investigation to conﬁrm the
eﬀect of evolved gas species on the crystallization
behavior. Also, there may be another reason for the
acceleration of crystallization under humid atmosphere,
such as, for example, composition change due to water
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vapor. Therefore, in this study, in situ observations on
melt crystallization have been carried out for commer-
cial mold ﬂuxes using a single hot thermocouple
technique (SHTT) in order to clarify the eﬀect of water
vapor on crystallization behaviors. The atmospheres of
the SHTT have been controlled to simulate both the dry
and wet atmospheres during commercial continuous
casting process.
Reagent grades CaCO3, SiO2, CaF2, Al2O3, MgO,
Na2CO3, and B2O3 were used as raw materials. The
reagent powders were mixed well and melted in a
platinum crucible with an induction furnace at 1573 K
(1300 C) for 30 minutes to homogenize chemical com-
position, and then quenched into a cool steel plate to get
fully glassy phase. The pre-melted samples were ground
and analyzed by X-ray ﬂuoroscopy to conﬁrm the
chemistry. Two basic mold ﬂuxes which crystallize easily
during cooling were selected in this study: a commercial
mold ﬂux with ﬂuorine and a new mold ﬂux without
ﬂuorine, which are shown in Table I as MF-D[10,11] and
FF-D, respectively.
The in situ observation of crystallization of mold ﬂux
was performed by SHTT. The detailed description of the
working principle of SHTT can be found elsewhere.[12]
A mold ﬂux sample of about 7 mg was placed on a
B-type thermocouple and heated to 1673 K (1400 C) at
a heating rate of 200 K/minutes, and then held for 20 s
to eliminate bubbles and homogenize chemical compo-
sition. Thereafter, as shown in Figure 1, the mold ﬂux
samples were continuously cooled at the rate of 20, 50,
and 100 K/minutes to room temperature. The crystal-
lization behavior was recorded using a video recorder
with time and temperature during each observation.
During SHTT tests, Ar gas was continuously fed at a
ﬂow rate of 100 mL/minutes. The wet atmosphere could
be achieved by passing the dry Ar gas into hot water.[7]
The dew point of the Ar gas was carefully controlled to
223 K (50 C) for dry and 285.5 K (12.5 C) for wet
atmospheres, which correspond to 5.929105 and
1.439102 atm of water vapor partial pressure, respec-
tively. The crystallization temperature has been deter-
mined at an onset point where the crystalline phase
occupies 5 pct of the observed area.[13]
The CCT (continuous cooling transformation) dia-
gram is very useful to simulate the melt crystallization
behavior of mold ﬁlm.[7,13] Figure 2 shows CCT dia-
grams for the mold ﬂuxes tested at dry and wet
atmospheres. The crystallization temperatures under
wet atmosphere are 48 K to 93 K larger than those
under dry atmosphere for MF-D, while there is no
marked diﬀerence in crystallization temperatures
between two atmospheres for FF-D. It is apparent that
the water vapor will accelerate melt crystallization of
commercial mold ﬂux containing ﬂuorine. Also, it is
worthy to note that multiple crystalline phases have
been observed only under dry atmosphere for MF-D
with cooling rate of 50 K/minutes, which will be
discussed below.
The morphology of crystalline phase taken from the
SHTT samples can be seen in Figure 3 for MF-D under
dry and wet atmospheres with various cooling rates.
Under dry atmosphere with 50 K/minutes cooling rate,
MF-D showed faceted growth of primary phase with
limited number of nuclei which was determined as
cuspidine as shown in Table II. The crystalline mor-
phology and number density of cuspidine are consistent
with previous observations by present authors[10,11] for
the same mold ﬂux using a DSC (diﬀerential scanning
calorimetry). However, diﬀerent from previous obser-
vations, secondary crystallization of Ca2SiO4 has been
observed for MF-D at 50 K/minutes cooling rate under
dry atmosphere, as shown in Table II. Moreover,
Ca2SiO4 was the only crystalline phase evolved during
melt crystallization of MF-D for all other cases as
shown in Figure 3. The number density of Ca2SiO4
crystal was much larger than that of cuspidine, which
implies lower activation energy for nucleation of
Ca2SiO4 than that of cuspidine. On the contrary, mold
ﬂux FF-D showed single crystalline for all cooling rates
regardless of atmosphere, as shown in Figure 4. Based
on an independent XRD measurement for the quenched
sample of FF-D slag at 1100 K (827 C), this crystalline
phase has been identiﬁed to be merwinite (3CaO-M-
gO-2SiO2), which corresponds to the study carried out
by Cui et al.[14]
It is found that the change of primary crystalline
phase from cuspidine to Ca2SiO4 would be the main
reason for acceleration of melt crystallization under wet
atmosphere. This implies that evaporation of ﬂuorine
Table I. Chemical Composition of Mold Fluxes Tested
Mold Flux
Chemical Composition (Mass Pct)
Basicity (CaO/SiO2)SiO2 CaO MgO Al2O3 Na2O F B2O3
MF-D 33.4 44.8 0.8 5.4 7.6 7.6 1.34
FF-D 31.3 39.0 4.5 6.5 8.6 8.1 1.25
Fig. 1—Thermal history in SHTT measurements.
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will govern the phase and kinetics of melt crystallization
in this study. In order to examine the eﬀect of ﬂuorine
evaporation on melt crystallization of MF-D, thermo-
dynamic assessment has been carried out using a
commercial thermodynamic database, FACT-SAGE.
Previous studies[15–17] on the evaporation of ﬂuorine
from mold ﬂuxes under dry and wet atmospheres
showed that the main species evaporated largely consist
of SiF4 and NaF. Therefore, thermodynamic modeling
in this study has been based on three cases: ﬂuorine will
evaporate as (case 1) NaF (case 2) SiF4, (case 3) 50 pct
NaF, and 50 pct SiF4.
Figure 5 reveals predicted crystalline phases and
crystallization temperatures using FACT-SAGE accord-
ing to ﬂuorine loss due to evaporation from MF-D.
When the ﬂuorine evaporates as NaF, only cuspidine
crystallized from melt while the crystallization temper-
atures remained largely the same as that of its original
composition, 1546 K (1273 C) as shown in Figure 5(a).
In contrast, in the case of evaporation as SiF4, crystal-
lization temperature of cuspidine decreases sharply with
Fig. 2—CCT diagrams for mold ﬂuxed tested under dry and wet atmospheres: (a) MF-D, (b) FF-D.
Fig. 3—SEM micrographs of MF-D mold ﬂuxes taken after SHTT measurements under dry and wet atmospheres: (a) MF-D (20 K/min, dry),
(b) MF-D (20 K/min, wet), (c) MF-D (50 K/min, dry), (d) MF-D (50 K/min, wet), (e) MF-D (100 K/min, dry), (f) MF-D (100 K/min, wet).
Table II. Chemical Composition of Crystalline Phases of
MF-D Shown in Fig. 3(c)
Phase
Chemical Composition (Mole Pct)
O F Na Al Si Ca
Ca2SiO4 30.7 11.0 18.7 39.6
Cuspidine 38.6 0.9 1.2 19.4 39.8
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increasing the evaporation of ﬂuorine. The primary
crystalline phase has been predicted as Ca2SiO4 instead
of cuspidine if the ﬂuorine contents decreases less than
ca. 4.6 mass pct due to evaporation, as can be been in
Figure 5(b). When ﬂuorine evaporates as mixture of
NaF and SiF4, in Figure 5(c), there also was competi-
tion between cuspidine and Ca2SiO4. The crystallization
temperatures vary about the same manner as the case of
SiF4 evaporation but with reduced variations.
From above calculation results, therefore, it could be
inferred that ﬂuorine may have evaporated considerably
during SHTT investigations as SiF4, which led to
primary crystallization of Ca2SiO4 at elevated temper-
ature as shown in Figure 2(a). Under wet atmosphere,
the evaporation of ﬂuorine should be enhanced by the
formation of hydrogen ﬂuoride as below. Therefore, the
increase of crystallization temperature under wet atmo-
sphere for MF-D in Figure 2(a) can be attributed to the
increase of ﬂuorine evaporation.
ðOH) þ ðFÞ ¼ HF(gas) + (O)2 ½6
Cuspidine could not be crystallized from glass melts
of MF-D except for the case of 50 K/minutes under dry
atmosphere as shown in Figures 2 and 3, which is also
attributed to the enhanced ﬂuorine evaporation under
wet atmosphere or longer exposure time of glass melt at
the cooling rate of 20 K/minutes. In addition, under dry
atmosphere with considerable amount of ﬂuorine
evaporation, it is presumed that the retardation of
CCT of cuspidine would be more prominent at the
cooling rate of 100 K/minutes than that of 50 K/
minutes. On the contrary, previous investigations by
present authors[10,11] using a DSC showed that only
cuspidine could be formed during melt crystallization of
MF-D at cooling rates of 5–25 K/minutes under dry
atmosphere. It should be noted that the area to volume
ratio of molten sample during SHTT is much larger than
that for other apparatus such as DSC. Thus, it is
expected that the ﬂuorine evaporation should be largest
during SHTT even under dry atmosphere.
As mentioned earlier, most previous studies[3–8] sug-
gested that the enhancement of heterogeneous nucle-
ation of crystalline mold ﬂux on evolved gas species
would be the main reason for the hydrogen-induced
breakout during continuous casting under humid atmo-
sphere. However, above results and discussions in this
study showed that accelerated evaporation of ﬂuorine
due to hydroxyl in molten mold ﬂux should be consid-
ered as a potential mechanism for the hydrogen-induced
breakout. During steelmaking and continuous casting
processes, water vapor in the air and hydrogen in molten
steel can be inﬁltrated into liquid mold ﬂux as hydroxyl.
Afterward excessive hydroxyl will cause enhancement of
ﬂuoride evaporation as explained in Eq. [6], hence
acceleration of crystallization of Ca2SiO4. The larger
number density of Ca2SiO4 nuclei will bring excessive
decrease of horizontal mold heat transfer rate and
Fig. 4—SEM micrographs of the FF-D with mold ﬂuxes taken after SHTT measurements under dry and wet atmospheres: (a) FF-D (50 K/min,
dry), (b) FF-D (50 K/min, wet), (c) XRD pattern of FF-D quenched at 1100 K (827 C).
Fig. 5—Thermodynamic assessment of crystallization of MF-D for various modes of ﬂuorine evaporation: (a) Evaporation as NaF, (b) Evapora-
tion as SiF4, (c) Evaporation as 50 pct NaF and 50 pct SiF4.
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deterioration of mold lubrication at elevated tempera-
ture, which ﬁnally induces sticking breakout of the steel
shell near the meniscus. This implies that the application
of the ﬂuorine-free mold ﬂux system would become an
economic and thorough solution to prevent the hydro-
gen induces breakout. Therefore, further investigations
of plant casting trials using ﬂuorine-free mold ﬂuxes will
be highly necessary.
In summary, the results in this study show that the
melt crystallization behavior of ﬂuorine-containing
commercial mold ﬂux has been accelerated considerably
by evaporation of ﬂuorine as SiF4, which is suspected of
being one of the reasons for hydrogen-induced breakout
during continuous casting under humid atmosphere.
The primary crystalline phase has been changed from
cuspidine to Ca2SiO4 by increasing water vapor pressure
during SHTT from 5.929 105 to 1.439 102 atm.
Also, crystallization onset temperature of Ca2SiO4 was
48 K to 93 K larger than that of cuspidine. These eﬀects
of water vapor on crystallization would be attributed to
the accelerated evaporation of ﬂuorine due to hydroxyl.
In contrast, the crystallization behavior of a ﬂuo-
rine-free mold ﬂux system hardly changed with water
vapor pressure, which implies that the occurrence of
hydrogen-induced breakout can be prevented by the
application of the ﬂuorine-free mold ﬂuxes.
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